The first report to describe the carotid bodies ("ganglion minutem") was a dissertation published in 1743 by Taube,l although initially there was some uncertainty as to whether it was Taube or his professor (Professor Haller who used the term "ganglion exiguum") who was the actual discoverer.* While other investigators continued to report that they had "discovered" these organs (now termed the "ganglion intercaroticum") even as late as the middle of the 19th century, it remained for de Castro's detailed anatomical characterisation to provide the great advance in the understanding of the structures. While he did not actually use the term "chemoreceptors" as such, it is hard to believe that he had anything else in mind when he stated2 that they function to "taste the blood". The Nobel Prize winning work of Heymans and his associates in the late 1920s and early 1930s demonstrated their chemoreceptor function unequivocally.3 Since then, of course, there have been enormous advances in characterising the carotid bodies with respect to their structure and innervation; functional stimuli, and mechanisms of stimulation; stimulus response characteristics; efferent modulation and integration of the chemosensory information (transmitted centrally via the nerve of Hering and the glossopharyngeal nerve) with other sources of afferent information, predominantly in respiratory and circulatory control.
In considering the role of the carotid bodies in human ventilatory control and blood gas and acid-base regulation, we shall, where possible, consider evidence available from studies on humans, and only consider results from studies on experimental animals when they provide an insight into the control mechanisms that are unattainable in humans.
The major role of the carotid bodies in humans is to defend blood gas and acid-base status in response to real stressors such as lung disease, high altitude, muscular exercise, and sleep, and also the often contrived stimulifor example, hyperoxic hypercapnia -presented by scientists who investigate their control behaviour.
In humans glomic tissues other than the peripheral chemoreceptors, such as the glomus trigeminale, the glomus jugulare, the glomus pulmonare, and the intrapulmonary neuroepithelial bodies, subserve no discernible role in ventilatory responsiveness to hypoxia. Consequently, when the ninth and tenth cranial nerves were blocked by the local anaesthetic lignocaine, the normal hyperventilation which resulted from three minutes of 8% oxygen breathing was entirely abolished.4 Interestingly, however, there was also no evidence of ventilatory depression during this time. Although the authors interpreted this as suggesting that their anaesthetic blockade may not have been complete, there was, in fact, no evidence of an early hyperpnoea followed by a subsequent reduction in ventilation. However, the aortic bodies in humans (unlike the cat and dog, for example) appear to subserve little, if any, functional role in hypoxic ventilatory responsiveness -that is, in response to reductions in arterial oxygen partial pressure (Pao2). It also seems unlikely that they are important in transducing reductions in oxygen content, such as those that result from anaemia or carboxyhaemoglobinaemia in humans -responses that have been *The author is grateful to Dr Benjamin Wmter for drawing these historical references to his attention.
clearly demonstrated in the cat.5 The carotid bodies are therefore the organs which subserve hypoxic ventilatory responsiveness in humans; consequently, they play a vital part in constraining the fall of arterial Po2 in response to the challenge of hypoxaemia.
The most convincing evidence supporting this contention comes from studies performed in subjects who have had both carotid bodies surgically resected (see below). These subjects have no hyperpnoea in response to experimentally induced hypoxaemia,67 nor do they show a decline in ventilation following the abrupt and surreptitious administration of 100% oxygen against an hypoxic background.7 However, in tests in which the alveolar -and hence arterial -partial pressure of carbon dioxide was elevated, Honda et al8 and Swanson et al9 were able to demonstrate a small component of hypoxic ventilatory responsiveness in such subjects. As increased arterial Pco2 is known to increase peripheral chemosensitivity to hypoxia, it is likely therefore that the aortic bodies in humans subserve a component of hypoxic ventilatory drive that is normally too small to be discerned but which is demonstrable when their sensitivity is amplified. It is not impossible, however, on the basis of these experiments, to rule out regeneration of the nerve endings in Hering's nerve, which has been shown in the cat and which might, under these conditions, be capable of hypoxic sensory transduction.
It is also known that ventilation in normal subjects responds typically in a biphasic manner to an acute hypoxic stimulus -that is, following a square wave induction of alveolar hypoxia in humans there is an early rapid hyperpnoea which is followed after a few minutes by a subsequent decline in ventilation to a new stable level. This profile is seen even when alveolar Pco2 is clamped at a constant level throughout the test by manipulating the inspired carbon dioxide fraction. The rapid increase is considered to be attributable to carotid chemosensitivity; the subsequent decline is a reflection of a reduction in central ventilatory drive (often termed "depression"). The secondary decline has been attributed both to increased cerebral blood flow washing carbon dioxide out of the cerebral interstitial fluid, and also by the influence of central neurotransmitters such as GABA and possibly adenosine which decrease ventilation. Interestingly, Khamnei and Robbins'°have proposed that this mechanism may be more complex, requiring input from the carotid bodies. Support for this notion may be found in the finding by Honda" and in our own laboratory (S A Ward and B J Whipp, unpublished data) that there was no evidence of hypoxic ventilatory depression in response to the square wave induction of an hypoxic stimulus (alveolar Po2 50-55 Torror 7*0-7*5 kPa) of 10 minutes or more in subjects without carotid bodies. Whether such depression would occur with more severe hypoxia is, of course, uncertain.
The role ofthe carotid bodies in more prolonged hypoxia is more complex. During the acclimation phase to high altitude the sensitivity of the carotid bodies increases progressively over a period of weeks.'2 This, in concert with the reduction in the alkaline constraint of ventilation as renal and cerebrospinal fluid (CSF) bicarbonate excretion increases, explains the further increase in ventilation and greater hypocapnia that is evident over this time course in Whipp lowlanders sojourning at high altitude. The acclimation, however, can occur even when the hypoxia is localised to the carotid bodies.'3 Efferent activity in the nerve of Hering is also important in modulating carotid body hypoxic responsiveness. Conditions such as CSF alkalaemia, which increases impulse traffic in the efferent fibres of Hering's nerve, suppress afferent nerve traffic from the carotid bodies, and hence their functioning should be considered to be part of an integrated peripheral and central response to respiratory stimulation. Subjects born and resident at high altitudes often have considerably reduced hypoxic ventilatory responsiveness, despite hypertrophy of the carotid bodies. There are also suggestions that chronic hypoxia in subjects with chronic obstructive pulmonary disease (COPD) may lead to a reduced ventilatory response to hypoxia. However, such studies are complicated by the increased airways resistance in these subjects which constrains the ventilatory response.
We are aware of no systematic studies which have looked at the magnitude of the decrease in ventilation when subjects with COPD are caused to breathe pure oxygen abruptly to suppress carotid chemosensitivity. However, there is evidence which suggests that such chronically hypoxic subjects do not entirely lose their peripheral chemosensitivity. For example, subjects with severe COPD who have undergone bilateral carotid body resection show a further hypoxaemia that is consistent with the removal of an ongoing hypoxic drive as a result of the surgery.'4 15 The carotid bodies also have an important role in regulating blood gas and acid-base status during muscular exercise; this, of course, includes the sudden increases in metabolic and ventilatory demands encountered during the activities of daily living. These organs do not contribute discernibly to the initial hyperpnoea which occurs during the transit delay from the exercising limbs to the lungs (phase I): the magnitude of phase I has been shown to be unaltered with either hypoxic or hypercapnic inspirates and is also normal in subjects without carotid bodies. '6 In normal euoxic subjects the carotid bodies have been shown to contribute, on average, approximately 20% of the ventilatory drive in the steady state of exercise (phase III). This proportion does not seem to vary appreciably with work rate, even when associated with a metabolic (chiefly lactic) acidosis (that is, above the lactate threshold). The absolute contribution of the carotid bodies to the exercise hyperpnoea consequently increases as a function of work rate. The increase in hypoxic ventilatory responsiveness which has been seen during exercise is mediated by a mechanism that seems to depend more on the increase in metabolic rate than on the exercise itself. carotid body stimuli also increase in arterial blood during exercise, including adenosine, osmolarity, and the rate of change of the arterial pH oscillation; pH, of course, also decreases when there is an associated metabolic acidosis.
The relative importance of these stimuli in isolation and, the characteristics of their interaction remains to be determined. The combination of exercise and hypoxaemia, whether as a result of reduced inspired Po2 or of lung disease, can result in the carotid bodies contributing more than 50% of the ventilatory drive,2' even at a relatively modest Pao2 of 55 Torr (-7-75 kPa). We are aware of no such data with more extreme hypoxaemia. The carotid bodies appear to subserve an even greater role in the non-steady state phase of the hyperpnoea (phase II). This, of course, is the more common feature of normal activity. The time course of the exponential increase in ventilation in this phase correlates closely with that of pulmonary carbon dioxide output (not, it should be noted, with tissue carbon dioxide production rate). Furthermore, pulmonary carbon dioxide output changes appreciably more slowly than oxygen uptake in this phase as a result of the high tissue capacitance for carbon dioxide. Consequently, ventilation lags the oxygen uptake changes significantly during the transient. The time constant of the responses are approximately 60-70 seconds and 30-40 seconds, respectively. As a result there is a transient hypoxaemia during phase II even in normal subjects.
It has been shown, however, that the phase II ventilatory time constant is highly dependent upon the gain or sensitivity of the carotid bodies.2' Reduced sensitivity, such as that which results from induced hyperoxia, metabolic alkalaemia, intravenous infusion of dopamine, or carotid body resection, causes a further slowing of ventilation. Increased sensitivity, as a result of hypoxaemia or metabolic acidosis, speeds the time constant of the ventilatory response. The oxygen uptake time constant is not appreciably altered, however, by these interventions. The speeding of the ventilatory time constant as a result of the increased carotid chemosensitivity ameliorates the further hypoxaemia of exercise in a subject who is already hypoxaemic. This reflects an important and under appreciated control function of the carotid bodies. However, these studies have been carried out almost entirely in normal subjects at sea level. The control characteristics with, for example, the chronic hypoxaemia of lung disease, in high altitude natives and in highly trained athletes remain to be determined.
The carotid bodies play a significant part in the compensatory hyperventilation which contains the fall of arterial pH (pHa) at work rates which induce a metabolic acidosis.
The fact that subjects with myophosphorylase deficiency (McArdle's syndrome) can hyperventilate and develop a respiratory alkalaemia at high work rates does not, of course, undermine this contention. Normal subjects breathing high inspired oxygen fractions,2' and subjects (with relatively normal pulmonary mechanics and blood gas tensions) who have had both carotid bodies surgically resected,'6 demonstrated significantly slowed compensatory hyperpnoea to a given change of blood levels of lactate and standard bicarbonate. The fall of pHa was consequently significantly greater. Hypoxia resulted in a greater and more rapid compensatory hyperpnoea, causing the fall of pHa to be much smaller.2' Although there appears to be a slow compensatory mechanism which is independent of the carotid bodies (possibly a slow transport of H+ into the brain extracellular fluid), these chemoreceptors appear to subserve an important role in response to acute metabolic acid-base challenges.
Although unilateral carotid body resection as a "treatment" for bronchial asthma was reported by Nakayama and Seo22 in 1942 and by Legatte23 in 1950, it was not until 1961 that significant interest in the procedure was aroused. In that year Nakayama24 and Overholt25 both published the results of unilateral resection in the American literature. The results of this procedure subsequently proved to be highly variable and this led to a wide range of opinion being reported, both supportive and condemnatory. The procedure was consequently largely discarded. Wood and colleagues" reported that bilateral carotid body resection reduced asthmatic symptoms. An unfortunate consequence of this removal of carotid body function was the loss of carotid baroreceptor function with its untoward consequences for baroregulation. However, this also often occurred with the inadvertent loss of function as a result of carotid endarterectomy.
Winter,27 however, discovered that the baroreceptor and chemoreceptor components ofthe carotid bifurcation nerve supply largely separated into two functionally distinct tracts before joining into the common trunk as the nerve of Hering in humans. He further showed that it was possible to remove the carotid bodies in humans without significantly disrupting the baroreceptor afferents. This was subsequently supported by the demonstration that arterial blood pressure was normal both at rest and at several levels of muscular exercise, and that the cardiovascular responses to carotid sinus massage and a Valsalva manoeuvre were normal. 28 Wmter also proposed, however, that the procedure might be beneficial to patients with advanced chronic obstructive airways disease, in addition to those with bronchial asthma, as it reduced dyspnoea. He also reported that bilateral carotid body resection reduced both functional residual capacity and residual volume and increased expiratory airflow (as evidenced by an increased FEVI) in patients with COPD.
The ostensive physiological basis of these improvements and, in fact, a reported justification for the procedure was the finding by Nadel and Widdicombe, in the 1960s, that the carotid bodies, in addition to their role in ventilatory control, also formed a component of a reflex bronchomotor loop29 -that is, stimulation of the carotid bodies in the dog led to airway constriction. This could be obviated by section of the glossopharyngeal or the vagus nerves -that is, the afferent and efferent components of this reflex loop. It was quite clear, however, from the earliest studies of physiological function following carotid body resection that there was a loss of hypoxic ventilatory responsiveness. The absence of this control component was proposed to be deleterious to patients who were already hypoxaemic, and would also be expected to exacerbate any concomitant cor pulmonale.
Support for the controversial procedure and, in fact, its continued performance rested almost exclusively with Winter. Editorials by prominent physicians and physiologists in major medical journals303' concluded, on the one hand, that the loss of carotid body function was of relatively minor consequence, and to the other extreme, that their removal could result in significant physiological impairments that were potentially hazardous to the patients.
Studies of the physiological consequences of bilateral carotid body resection (that is, pre-and post-surgery studies in the same subjects) reveal: an on-average small hypoxaemia and hypercapnia -but with large individual variability -as a result of the procedure'4'5; loss of acute hypoxic ventilatory responsiveness; reduction of the euoxic carbon dioxide ventilatory responsiveness of the order of 20-30%; loss of the hypercapnic potentiation of hypoxic ventilatory drive; and reduction of dyspnoeic sensation. While there appears to be no debate that carotid chemostimulation contributes to the perception of shortness of breath,'527303' differences remain as to whether carotid body stimulation contributes solely as a function of the consequent hyperpnoea or proportionally more than other sources of ventilatory stimulation. Ward and Whipp,32 using an isopnoeic technique, support the role ofthe carotid bodies as an especially potent source of dyspnoea while Lane et al,33 using progressively increasing ventilatory profiles, support the concept that the resulting dyspnoea is merely a function of the consequent hyperpnoea rather than being dependent on the afferent source of stimulation. The issue awaits resolution.
As a consequence of the absence of the carotid body mediated component of dyspnoea, however, breath-hold time (BHT) is appreciably longer in subjects with bilateral carotid body resection than in either normal subjects or asthmatic controls. response to the metabolic acidosis of exercise.'6 Consequently, rather than the partially compensated metabolic acidaemia of exercise which results in normal subjects, those without carotid bodies showed a combined metabolic and respiratory acidosis at work rates above the lactate threshold.
Responses to incremental exercise before and after bilateral carotid body resection were also studied in a group of patients with COPD. '4 The results showed that, following bilateral carotid body resection, the subjects were able to exercise to a higher work rate and consequently a higher oxygen uptake. Interestingly, however, the same maximum level of ventilation during the exercise was unchanged. This is consistent with respiratory limitation of the exercise both before and after bilateral carotid body resection but with a component of the drive to breathe -that is, the hypoxic and metabolic acidaemic components -being removed, so that a higher work rate could be performed before the maximum and limiting level of ventilation is attained. The consequence, therefore, was a further hypoxaemia and hypercapnia in these patients.
Both Vermeire and colleagues'5 and Whipp and Ward'4, who studied the effects of bilateral carotid body resection on pulmonary mechanics in patients with COPD, reported an improvement in lung mechanics following the procedure. Plethysmographically determined airways resistance was reduced and FEVy increased by approximately 9%. While this is suggestive of the bronchomotor reflex shown in the dog by Nadel and Widdicombe,29 it is not compelling since other factors such as arterial and alveolar gas tensions and changes in mucus output (and possibly rheology) might also influence these measurements. Although concerns were raised over the implications for mortality, the available evidence suggests that the mortality rates are not increased as a result of bilateral carotid body resection.'536 There was also no evidence of significantly altered sleep structure or frequency of nocturnal haemoglobin desaturation, as shown by nocturnal polysomnographic studies,'5 in a small group of patients after bilateral carotid body resection.
It is generally conceded that dyspnoea, or at least a component of dyspnoea, is relieved by the procedure, and consequently many patients have reported an improvement in life style. Some others, however, have reported dissatisfaction with the procedure. The question remains, therefore, whether the relief of dyspnoea afforded by bilateral carotid body resection might be considered to out 
